INTRODUCTION
"Many knowledgeable biologists would say, almost reflexly, that complex carbo hydrates probably play a pivotal role in determining the specificity of many biological recognition phenomenon" (Marchesi, Ginsburg & Robbins, 1978) . So states the preface to an authorative symposium volume on surface carbohydrates. However, 16 years previously it was possible, in the light of contemporary knowledge, for a discussant at an equally authorative symposium to state, in relation to the recognition of self and non-self, "At the cell level it is possible that carbohydrate may play a part, carbohydrate is always present, but I know of no clear evidence yet to indicate that it plays a role in the mechanism by which cells discriminate between their closer and more distant relatives" (Davies, 1963) . Clearly over this period, which incidentally corresponds very closely with the establishment of the Journal of Cell Science, a considerable development in the study of surface carbohydrates has taken place, though interestingly there is still a need for definitive evidence for the role of carbohydrates in cell discrimination. Rothstein (1978) drew attention to the fact that when the membrane literature was reviewed in the Annual Review of Physiology in 1968 about 400 of an estimated 600 published references were used, among which papers on glycoproteins, perse, were not a recognizable category. However, between 1968 and 1976 the annual rate of production of papers on membranes jumped from about 600 to 3000, of which in 1976, 300 papers were identifiable as being concerned with proteins and glyco proteins. The pace of research into glycoproteins in particular continues unabated, with Sharon quoting in 1984 that since 1976 over 20000 papers have been published on these compounds. In being invited to make a contribution to this twentieth anniversary volume of the Journal it is perhaps appropriate to step back and look at the way in which an interest in surface carbohydrates has developed and to examine the body of work started in the 1960s, which has resulted in this quantum jump in endeavour, before going on to speculate on the direction that this area of research is likely to take in the next 2 0 years.
CHEMISTRY OF CELL SURFACE CARBOHYDRATES
For the general reader it may be helpful to give some details as to the type of com pound that comes within the scope of the description 'Cell Surface Carbohydrates'.
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The carbohydrates of the surface of animal cells can be considered to fall into two groups, namely those molecules that are components of the 'extracellular matrix' and those that are integral to the plasma membrane. While the former group may be said to have an ephemeral association with the plasma membrane during their bio synthesis and secretion, the latter group constitute a definite part of the plasma membrane. This is not to suggest that the division into these two groups is absolute but it does constitute a working basis on which to consider these compounds. The former group of molecules comprise glycoproteins and proteoglycans/ glycosaminoglycans, and their relationship to the cell surface has recently been reviewed by Yamada (1983) . In the case of the second group, glycolipids are an important additional component.
'Glycoprotein' as a term has often been used to describe any macromolecule containing carbohydrate and protein, and as such would encompass molecules that are more properly defined as proteoglycans. For the purposes of this article the term glycoproteins will be used to describe those molecules in which, covalently at tached to a protein backbone, there are one or more hetero-oligosaccharide chains. These chains are usually branched and can contain the neutral sugars D-galactose, D-mannose, L-fucose, the basic monosaccharides 2-amino-2-deoxy-D-glucose and 2-amino-2-deoxy-D-galactose (the basic residues are invariably Ar-acetylated), and the sialic acids. The latter are a family of nine-carbon sugars based on 5-amino-3,5-dideoxy-D-glycero-D-galacto-2-nonulosonic acid; the nomenclature of Blix, Gottschalk & Klenk (1957) in which the unsubstituted parent compound is re ferred to as 'neuraminic acid', whilst sialic acid is used as a generic term for all the acylated neuraminic acids, will be used here, though other terminology has been proposed more recently (Scott, Yamashina & Jeanloz, 1982) . Two major types of carbohydrate-peptide linkages occur in the glycoproteins, namely N-and Oglycosidically linked sequences and these structures are shown in more detail in Fig. 1 .
In the proteoglycans there is a group of molecules in which carbohydrate is again covalently linked to protein, though the underlying pattern of a disaccharide repeating unit is quite different from that encountered with the 'glycoproteins'. These compounds are the only source of hexuronic acid in animals and may carry sulphate ester groups. The term 'glycosaminoglycan' refers purely to the poly saccharide portion of the proteoglycans; the term 'mucopolysaccharide' is now obsolete.
In the case of the glycolipids in animal cells one is dealing with derivatives of longchain bases related to sphingosine. The group of sphingolipids formed by attaching long-chain fatty acids via amide linkage to sphingosine are given the generic name of ceramides. Glycosphingolipids are those groups of molecules in which carbohydrate is attached via a glycosidic linkage to the terminal hydroxyl group of the ceramide residue and include the gangliosides, which contain sialic acids in their carbohydrate moieties.
Cell surface carbohydrates: function?

EVIDENCE FOR CARBOHYDRATE AT THE CELL PERIPHERY
Electrokinetic studies
It is interesting that the classical models (Gorter & Grendel, 1925; Danielli & Davson, 1934) of plasma membranes, with their emphasis on the lipid nature of the structure, continued to influence an understanding of the chemical nature of the cell surface well into the 1960s. These models of membrane structure, which completely ignore the carbohydrates, were accepted as a basis for understanding the molecular nature of the cell surface, even though the work of Morgan & Watkins (Watkins & Morgan, 1952; Morgan & Watkins, 1959) in the 1950s had drawn attention to the carbohydrate nature of the blood-group substances. In 1952, Watkins & Morgan, in noting that simple sugars could neutralize the anti-H agglutinins in eel serum, suggested that such observations "can have practical significance"; even then they were careful to point out that the simple sugar "need not be even a constituent of the hapten or antigen but merely possess a close structural relationship to a component in these complexes". However, seven years later Morgan & Watkins (1959) were able to write that "the weight of evidence obtained from different laboratories and by =H îN ) is the unsubstituted structure 5-amino-3,5-dideoxy-D-glycero-<*-D-galacto-2-nonulopyranonic acid-1C4 whilst the various acylated derivatives (e.g. N-acetylneuraminic acid) are col lectively known as the sialic acids. The carboxyl group of free iV-acetyl neuraminic acid has a pKa = 2-6 and it is this ionogenic group that is responsible for a significant proportion of the electrokinetic charge on animal cells. In sialylated materials the glycosidic linkage between the sialic acid residue and the partner sugar is in the a anomeric configuration; the hydrolysis of this bond being catalysed by neuraminidase. 
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(1) the specificity of the A, B, H and Lea substances resides in the carbohydrate portion of the mucopolysaccharide molecules". These authors (Morgan & Watkins, 1959 ) went on to point out that in the blood-group substances, "although it is the carbohydrate structures which determine specificity" the orientation of these structures necessary for full serological activity was brought about by their polypeptide moieties.
As the human erythrocyte has been used as the classic model in plasma membrane studies it is surprising that the results of immunochemistry had little impact on those of membrane biophysics. The answer to this apparent discrepancy probably lies in the fact that the biochemical studies at that time on blood-group substances were confined to tissue fluids and body secretions, in which the blood-group substances occur in water-soluble form. Certainly, as Morgan & Watkins (1959) pointed out, red blood cells are "the most obvious materials from which to attempt to isolate the blood-group substances", but they drew attention to the particular difficulties associated with solubilizing serologically active material from this source. This fact, coupled with the need to use mild methods of isolation and purification for obtaining biologically active material, indicates why biochemical studies in blood-group active materials largely ignored the erythrocyte and consequently probably accounts for the lack of impact of immunochemistry on membrane studies at that time.
The need to consider the role of carbohydrates at the cell surface received the necessary impetus from two sources, namely cell electrophoresis and, subsequently, microscopical observations. The electrophoresis of cells is a particularly valuable technique, as it enables one to study those molecules that are ionogenic or in which a charged group may be introduced by appropriate chemical modification, into the outer periphery of the cell, in a non-destructive manner. The electrophoresis of cells has been pursued actively for over 50 years, the method having been pioneered at the turn of the century, though it was only in the 1960s that this technique was fully exploited as regards the chemical nature of the cell surface. It is not intended to give here a detailed historical review of the electrokinetic studies performed on cells, but rather, to highlight those contributions that were instrumental in influencing scientific opinion towards considering carbohydrate at the cell surface. In particular, the red blood cell, so often the prototype in plasma membrane studies, received particular attention from this technique. All animal cells studied by the cell electro phoresis technique have been shown to possess a net negative surface charge, and in the case of the human red blood cell it had long been realized that this charge arises from strongly acidic groups (see Seaman, 1975 , for a more detailed review). With the all-pervasive influence of the classical models of membrane structure, with their emphasis on the phospholipid nature of the plasmalemma, it is not surprising that this charge was ascribed to phosphate groups. Even the demonstration by Ponder in 1951 that, following the action of the proteolytic enzyme trypsin on the human erythrocyte the surface charge was lowered, corresponding to an approximately 30 % decrease in the net negative surface charge density, failed to have any impact on the view that biological surfaces were phospholipid in nature. Three years later, Pondman & Mastenbroek (1954) , confirming Ponder's earlier observations, went so far as to suggest that trypsin was cleaving P-N bonds with a resultant loss of phospholipid from the red blood cell membrane. Re-examining the question in 1960 Seaman & Heard were unable to find any significant release of lipid-bound phosphate from the human erythrocyte by trypsin treatment and suggested that the changes in the electrokinetic properties of the cell could be explained in two ways, either by the fission of peptide bonds and a general "structural loosening up" without any loss of material from the cell membrane or, alternatively, fission resulting in the direct loss of carboxyl groups associated with amino acid elements in a polypeptide chain, or phosphate or sulphate groups from a protein-phospholipid or protein-carbohydrate complex. This explanation was a significant attempt to explain the electrokinetic phenomena on the basis of the known properties of trypsin without being completely dominated by the classical membrane models.
Following the above work, Cook, Heard & Seaman (1960) examined the tryptic degradation products released from the intact, saline-washed, human erythrocyte. Using paper chromatography they were able to demonstrate that the decrease in the electrophoretic mobility of the erythrocytes, following trypsin treatment, was accompanied by the release of a sialoglycopeptide into the medium. These analytical results enabled the authors to provide an explanation of the specific action of trypsin on intact cells as opposed to stroma. However, more importantly, as the authors (Cook et al. 1960) had made concomitant electrokinetic measurements, it enabled, for the first time, a sialic-acid-containing moiety to be localized at the periphery of a cell. This work was rapidly followed by a detailed description of the action of the specific glycosidase, neuraminidase, on the electrokinetic properties of the human erythrocyte (Cook, Heard & Seaman, 1961 ) and a wide range of erythrocytes from different animals (Eylar, Madoff, Brody & Oncley, 1962) , which conclusively de monstrated that the carboxyl group of sialic acids is a dominant charge-determining species at the surface of the red cell. It was shown that, following neuraminidase treatment, the much reduced electrophoretic mobility was a result of the release of free sialic acids and not of the generation of any significant number of cationic groups. Similar experiments followed in rapid succession with a variety of other cell types, so that by the end of the decade it had become clear that sialic acids are to varying degrees ubiquitous components of the surfaces of animal cells, and conse quently the species bearing these residues (glycoproteins and possibly glycolipids) must be taken into account in any complete model of the plasma membrane.
Twenty-five years on, the decision to test the effect of neuraminidase on the electrokinetic properties of cells seems not only entirely logical, in view of the results obtained with trypsin, but a relatively easy step to take; the latter viewpoint, if indeed it is held, completely belies the facts. At the time that these experiments were in progress both purified neuraminidase and authentic sialic acid samples were not readily available commercially and a sensitive method for the estimation of sialic acids only became available in 1959 (Warren); indeed the structure of these materials had only recently been elucidated (see Ledeen & Yu, 1976 , for a review). Work on the purification of neuraminidase, particularly from Vibrio cholerae, had received attention from Ada & French (1959) , who were conscious of the increasing interest in 50 G. M. W. Cook the biological and chemical properties of compounds containing N -acetyl neuraminic acid and who made samples available to Cook et al. (1961) . Earlier, Gottschalk (1957) had investigated what was then termed receptor destroying enzyme (RDE) and had shown that the terminal neuraminic acid "in its mono or diacetyl form" was split off the well-defined substrate neuramin-lactose. Gottschalk (1957) , from this work, proposed the term neuraminidase and defined its action "as the hydrolytic cleavage of the glycosidic bond joining the keto group of neuraminic acid to Dgalactose or D-galactosamine and possibly to other sugars". The effect of RDE on the ability of erythrocytes to adsorb haemoglobin had been investigated in the same year by Piper (1957) , who had suggested that enzymes split off relatively strongly acid anionic groups, which determine the electrophoretic pattern of normal erythrocytes. Working with stroma, as opposed to intact erythrocytes, Klenk and his colleagues (Klenk & Lempfrid, 1957; Klenk & Uhlenbruck, 1958) had found that RDE liberates acylated neuraminic acids from a number of mammalian species. These latter studies no doubt led Klenk (1958) to make the suggestion that one may assume that the negative charge of the erythrocyte is due to an acylated neuraminic acid. However, even at this stage Klenk's suggestion was largely hypothetical, no direct measurements having been made to test this supposition. Indeed, investigators who would have been in a position to test experimentally the relationship of sialic acids to surface charge were firmly of the view that the negative charge of the erythrocyte arose from phosphate groups of phospholipids. That Bateman, Zellner, Davis & McCaffrey (1956) had previously suggested the decrease in the electrophoretic mobility of erythrocytes treated with the PR8 strain of influenza virus was caused by the appearance of cationic groups no doubt further complicated the picture, as did Curtain's (1953) studies on a urinary mucoprotein inhibitor of viral haemagglutination. In these latter studies Curtain (1953) showed that following the treatment of this inhibitor with RDE it possessed cationic groups of about pKl 1. Throughout the 1950s the idea that the surface charge on cells was due to groups other than the phosphate groups of phospholipids met with little enthusiasm and the central importance of lipids remained firmly entrenched.
Microscopic demonstration of cell surface carbohydrates
At the time that electrokinetic studies on intact cells were revealing the presence of sialic acid-containing materials at the surfaces of an increasing variety of cell types, concomitant histochemical studies, at the level of both the light and the electron microscope, did much to confirm the ubiquitous presence of carbohydrate at the cell periphery. A burgeoning body of histochemical data on surface carbohydrates had its beginning in the 1960s, initially with the application of the periodic acid-Schiff (PAS) reaction to the study of the cell surface. It would be inappropriate to review here all the many contributions to this important aspect of the subject but rather attention will be focused on those papers that have made a particular impact on our understanding of the structural organization of plasma membrane. For those requiring detailed information on the development of the study of the histochemical aspects of surface carbohydrates, the reviews of Martinez-Palomo (1970) and Rambourg (1971) would be especially useful. The mechanism of PAS staining had been investigated earlier by Leblond and his colleagues (Leblond, Glegg & Eidinger, 1957) , who stressed that once glycogen had been removed from the specimen, by treatment with amylase, the technique is specific for carbohydrate protein complexes.
As pointed out by Rambourg & Leblond (1967) "In 1962, Gasic provided the first direct histochemical evidence of a carbohydrate-rich layer at the surface of some mammalian cells". Gasic & Gasic (1962a) examining in ascitic tumour cells the chemical nature and formation of what they referred to as "cell coating" showed that it was PAS-positive and susceptible to digestion with proteolytic enzymes. In addition, Gasic & Gasic (1962a,b) suggested that the Hale stain, introduced in 1946 for acid mucopolysaccharides, was particularly appropriate as a method for detecting sialic acids at the cell surface and quickly adapted this method for use with the electron microscope (Gasic & Berwick, 1963) . It is perhaps a pity that Gasic's laboratory did not examine a wider range of cell types for, as Rambourg & Leblond (1967) suggest, "because his work was chiefly done with ascites tumour cells, the opinion arose that surface carbohydrates are a feature of malignant cells". This is another illustration of how the entrenched view that membranes were largely lipid in nature had such a lasting effect on our understanding of the biochemical composition of the cell surface. When evidence in favour of surface carbohydrate emerged it is easy to understand how the contemporary prejudice would have been to regard it as a specific feature of malignant cells. Indeed, as pointed out subsequently (Rambourg & Leblond, 1967 ) "this opinion persisted in spite of a few dissenting voices, such as that of Kalckar (1965) who thought that carbohydrates may be 'as abundant, if not more so, in normal cells' as in tumor cells".
Cationic colloids have also been used to visualize sialic acid residues and a particularly important advance in our understanding of membrane structure stemmed from the application of this methodology, and was published in the second volume of this Journal by Benedetti & Emmelot (1967) (Fig. 2) . These authors used colloidal iron hydroxide (CIH) at pH 1-7 to study the ultrastructural localization of sialic acid residues in plasma membranes isolated from rat liver and transplanted rat hepatoma. They showed that CIH-reactive neuraminidase-sensitive groups were always asymmetrically distributed in the membranes studied. Because Benedetti & Emmelot (1967) had used membrane preparations in which the junctional complexes were preserved they were able easily to distinguish the outer surface from the cytoplasmic side of the plasmalemma and were able to make the very important observation that sialic acid was exclusively located in the outer leaflet of the plasma membrane. Four years later this aspect of the subject was extended by the intro duction of ferritin-labelled lectins, by Nicolson & Singer (1971) , as reagents for studying the distribution of sugar residues within membranes. Nicolson & Singer (1971) examined double membrane thick erythrocyte ghosts spread flat on carboncolloidin-coated grids. In such preparations the upper membrane is occasionally broken and folded back, revealing the inner surface of the lower membrane. Using ferritin-labelled concanavalin A (ConA), these authors demonstrated that the
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Cell surface carbohydrates: function? 53 conjugate binds specifically to the outer surface but not the inner surface of the erythrocyte plasma membrane. Acknowledging that earlier electrokinetic studies, coupled with the work of Benedetti & Emmelot (1967) , pointed to the essentially exclusive location of sialic acids at the outer surface of the cell membrane, the work of Nicolson & Singer (1971) had the advantage of extending localization studies to other sugar residues, though for differentiating between outer and inner surfaces of the membrane they had to rely on differential adsorbancies of their micrographs. The fact that the asymmetric distribution of saccharides was a feature of plasma mem branes of cells in general, rather than the erythrocyte in particular, was further strengthened by the work of Hirano et al. (1972) , who extended the use of ferritinlabelled lectins with their specificity for particular saccharides (conjugates of ConA and Ricinus communis agglutinin were used) to membrane fragments from a myeloma cell homogenate. Confirming that saccharide residues are uniformly localized to a single surface of each membrane fragment, Hirano et al. (1972) stated that the asymmetric distribution of saccharide residues previously found for the plasma membrane holds for the rough endoplasmic reticulum membranes and probably other intracellular smooth membranes as well. The latter was impossible to ascertain unambiguously as some suitable ultrastructural marker would have to be used, and unlike Benedetti & Emmelot (1967) these authors (Hirano et al. 1972) were faced with a subcellular fraction markedly enriched in rough membrane elements but containing some smooth-membrane fragments and vesicles. However, with the first of these structures it was possible to show that ferritin-ConA bound exclusively to the internal side of membrane fragments of the rough endoplasmic reticulum.
A particularly interesting and important aspect of the paper by Hirano et al. (1972) was their consideration of the implications of the ultrastructural localization of saccharides as regards understanding the biogenesis of membranes. In essence, they suggested that an intracellular membrane 'assembly line' exists that leads pen ultimately to the formation of precursor vesicles, with oligosaccharides exclusively localized at the inner surface of the vesicle membrane. These vesicles are then considered to fuse with previously existing plasma membrane, thereby accounting for the exclusive localization of sugars at the outer surface of the plasma membrane. Drawing on studies performed on the biosynthesis of glycoproteins in various laboratories (see section on Biosynthesis of Surface Carbohydrates, for details), Hirano et al. (1972) pictured the initial sugar residues as being incorporated in the rough endoplasmic reticulum, with additional residues being added in the smoothmembrane elements, probably in the Golgi zone, leading to the formation of the precursor vesicle. This scheme has undoubtedly had a profound influence on thinking as regards the biogenesis of membrane heterosaccharides and, though 
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subject to modifications of detail, it continues to dominate this area of research activity.
No précis of the key contributions of histochemistry to the acceptance of carbo hydrate as an important constituent of cell surfaces would be complete without reference to the work of Leblond and his colleagues. Rambourg, Neutra & Leblond (1966) , working with the PAS and colloidal iron-Prussian blue techniques, surveyed in the light microscope some 50 different cell types from the rat and concluded "not only that the presence of a 'cell coat' is a common feature of vertebrate cells, but also that this coat is rich in carbohydrates". This deduction was rapidly confirmed by Rambourg & Leblond (1967) , who extended their studies to the level of the electron microscope and went on to suggest that "a 'cell coat' exists at the surface of most, if not all, cells" and that it contains carbohydrates that "may play a role in holding cells together and in controlling the interactions between cells and environment".
Lectins and cell surfaces
Certainly one of the major growth areas in the study of cell surface carbohydrates has been the use of plant agglutinins, lectins; as will be apparent in the concluding sections of this article, attention has now moved beyond the plant lectins to the endogenous carbohydrate-binding proteins of animal cells.
Though lectins have been known since the turn of the century, the contemporary interest in these materials as regards the study of cell surfaces can be traced to the work of Aub, Tieslau & Lankester (1963) . These authors, who were interested in using enzymes to identify alterations that occur in cell surfaces during neoplasia, described an impurity in a wheat germ lipase preparation that acted as a preferential agglutinin for tumour cells. Aub et al. (1963) showed that the cell agglutinating and lipolytic activities appeared to be separable and suggested that they might be dealing with a plant agglutinin, though they were unable to find precedents in the literature for such a molecule with a specific reactivity towards tumour cells. No doubt the apparent specificity for tumour cell surfaces was the key factor in stimulating a renewed interest in the plant agglutinins. Interestingly, two years previously, Ambrose, Dudgeon, Easty & Easty (1961) , studying the action of a number of different enzyme preparations on the adhesiveness of ascites tumour cells to glass, had shown that of the various enzymes tested wheat germ lipase was the only enzyme preparation to show a selective action on tumour cells. In view of the dominant interest at that time in lipids in membrane structure it is not surprising that Ambrose et al. (1961) interpreted their results as showing that the altered surface properties of tumour cells are associated with an altered lipid structure of the cell membrane. However, Aub et al. (1963) were aware of the contemporary histochemical studies that "implicated mucopolysaccharides in cellular interactions and adhesions" and hoped that their finding would help in understanding the changes in cell membranes taking place during neoplasia. The proof that a lectin was indeed involved came in 1967, when Burger & Goldberg isolated and characterized the agglutinin in wheat germ lipase as a glycoprotein that interacted with surface sites containing Nacetylglucosamine. Since then work on the plant lectins has increased astronomically for, though there appears to be no simple relationship between malignant trans formation and lectin-mediated agglutinability, these agglutinins have found use as cell mitogens, probes for glycoconjugate structure, in the investigation of membrane dynamics and asymmetry as well as for glycoconjugate, cell and virus purifications. Without these tools the study of surface carbohydrates would not have advanced to the extent that it has today. Certainly, the work accomplished with these materials is well beyond the scope of this present article and the reader wishing to delve further into the subject would be well advised to consult one of the classic reviews, such as that by Nicolson (1974) or one of the more recent papers on lectins, such as that by Lis & Sharon (1984) .
BIOSYNTHESIS OF SURFACE CARBOHYDRATES
At the time that electrokinetic and histochemical studies were demonstrating that carbohydrates are present at the cell surface attention was beginning to be directed to the question of how and where the cell synthesizes these structures. The question that this article will address is how far has the study of surface carbohydrates progressed? In answer one should observe that, historically, work on the biosynthesis of membrane glycoproteins and glycolipids can really be divided into two main periods of activity: starting in 1965 a number of investigators approached the problem by following the incorporation of 1 4 C-labelled sugars and amino sugars into cell particulates; and this was rapidly followed by elegant autoradiographic studies, which identified the initial cellular site of incorporation of the various mono saccharide precursors. All of this work clearly demonstrated the importance of the Golgi apparatus in the glycosylation process. The second period of activity started with the demonstration by Caccam, Jackson & Eylar (1969) that [l-14C]mannose incubated with various mammalian tissues is incorporated into a lipid having the characteristics of a mannosyl-l-phosphoryl polyisoprenoid compound, reminiscent of the type of compound shown to be involved in the biosynthesis of bacterial cell walls. Since then an enormous amount of work has been directed towards lipid intermediates in the biosynthesis of Af-glycosidically linked sugar moieties, as a result of which the biochemistry of the synthesis of these structures is known in considerable detail.
Throughout the study of surface glycoproteins it has been tacitly accepted that the polypeptide chains of these molecules are synthesized in an identical manner to the non-glycosylated proteins. As a number of the early electrokinetic (Cook, Heard & Seaman, 1962; Wallach & Eylar, 1961) and histochemical studies (Gasic & Gasic, 1962a,b) were performed with ascites tumour cells, it is not surprising that these cells were used in the initial studies of the incorporation of radioactive sugars. Initially it was shown that inhibitors of protein synthesis have a much more marked effect on the synthesis of the polypeptide component of plasma membranes than on the carbohydrate portion (Cook, Laico & Eylar, 1965; Molnar, Lutes & Winzler, 1965) , suggesting that there is a pool of protein precursors that need only glycosylation for completion and incorporation into the membrane. In an attempt to amplify G. M. W. Cook information gained from studies on whole cells, especially with regard to the site of synthesis of the oligosaccharide units of membrane glycoproteins, Eylar & Cook (1965) returned to the Ehrlich ascites carcinoma cell to develop the first cell-free system for the study of a glycoprotein. Eylar & Cook (1965) were able to demonstrate that the enzymes responsible for incorporating glucosamine and galactose (the latter sugar was shown to be incorporated from UDP-galactose) into soluble and mem brane glycoproteins were present in a smooth membrane fraction obtained from the post-microsomal supernatant fluid; this fraction was inactive as regards protein synthesis. As expected, membranes bearing ribosomes actively supported protein synthesis but were found to be inactive in the synthesis of oligosaccharides. Eylar & Cook (1965) made the suggestion that the smooth membranes active in mediating glycosylation in their cell-free system were derived from the Golgi apparatus and considered that this suggestion was entirely plausible, particularly as it has been suggested from cytochemical evidence that the Golgi apparatus is a site of surface glycoprotein synthesis (Gasic & Gasic, 1963) . It is a pity that the French pressure cell, the method used by Eylar & Cook (1965) for producing the cellular homogenate, destroyed the morphology of the Golgi apparatus. The first reports on the isolation of the Golgi apparatus from animal cells were not to appear for another four or five years and then success was confined mainly to mammalian sources such as liver, fractions enriched in Golgi apparatus being notoriously difficult to isolate from transformed cells (see Cook, 1982; Morre & Creek, 1982 , for discussion of this problem).
Further progress in our understanding of the way in which cells synthesize glycoproteins came with the autoradiographic studies of Neutra & Leblond (1966) on the synthesis of the carbohydrate of mucus by the goblet cells of rats. Killing animals at various times up to 20min, following the administration of [3 H]glucose, they were able to show that the vast majority of autoradiographic grains were localized over the Golgi region. Further work by Leblond and his colleagues (Whur, Herscovics & Leblond, 1969) The role of the Golgi apparatus in the cell has been reviewed by a number of investigators, and in particular, more recently by Farquhar & Palade (1981) and Dauwalder (1984) , and they give considerably more detail on the importance of the Golgi apparatus in the glycosylation of glycoproteins (and of glycolipids) than is possible or appropriate here. However, both these groups of reviewers draw attention to the fluctuating status of the Golgi apparatus as a bona fide cell organelle, a point that is relevant to this present article, which attempts to review the major lines of enquiry that have led to our present understanding of surface carbohydrates. Farquhar & Palade (1981) split the study of the Golgi apparatus historically into four main periods; the Light microscope era (before 1854), the Renaissance (1954 Renaissance ( -1963 , The Modern Period (1964 -1973 and the Current Period (1973 to the Present). The 'Modern Period' was characterized by the application of such techniques as autoradiography and the development of procedures for isolating Golgi fractions by Morre & Mollenhauer (1964 ), Fleischer, Fleischer & Ozawa (1969 , Morre, Merlin & Keenan (1969) and Schachter et al. (1970) , the latter being particularly important in providing detailed biochemical evidence for the involvement of Golgi membranes in the addition of terminal hexose residues to glycoproteins. No doubt the arrival of this Modern Period in the study of the Golgi apparatus came at an opportune moment from the standpoint of establishing carbohydrates as components of the cell periphery.
The addition of sugar to the appropriate acceptor is catalysed by the glycosyltransferases, a group of enzymes that utilize sugar nucleotides as donor molecules (see Leloir, 1964) . Until 1970 it was considered that all carbohydrate units of glycoproteins were synthesized by the direct transfer of monosaccharide from sugar nucleotide to the appropriate amino acid residue in the polypeptide chain, or saccharide residue in the growing oligosaccharide. This view was radically changed as regard iV-glycosides, by the demonstration that lipid-linked sugars are important intermediates in their biosynthesis. Reference has been made to the contribution in this regard made by Eylar's laboratory (Caccam et al. 1969) ; this group rather surprisingly did not follow up their original observations and many reviewers of this subject have perhaps not surprisingly failed to cite their contribution. Undoubtedly, Leloir's laboratory (see Behrens & Leloir, 1970 ) did much to establish the im portance of saccharide-lipids in the synthesis of glycoproteins, and this area of research (reviewed by Struck & Lennarz, 1980) has received considerable attention from the laboratories of Jeanloz, Kornfeld, Lennarz, Robbins and Spiro; so active has interest been in this field that one commentary (Sharon & Lis, 1981) has described this topic as "perhaps the single most crowded area in glycoprotein research". As a result of all this effort it is now known that a major structure, (Glc)3 (Man) 9 (G1cN A c)2 attached to dolichol pyrophosphate, is the direct precursor of Af-glycans, and that this oligosaccharide is transferred en bloc to asparagine residues in the polypeptide acceptor. It is also known that after transfer to polypeptide the complete oligosaccharide undergoes modification via a complex series of reactions known as 'processing', which converts the glycosylated high-mannose structure to the complex oligosaccharides found on a number of mature glycoproteins. The details of processing go beyond the scope of this article. However, it is relevant to point out that a group of drugs that can inhibit processing are finding use as new tools in an effort to understand more of the biological role of glycoproteins (see Schwarz & Datema, 1984) . Certainly, enormous advances in our understanding of the biosynthesis of jV-glycosides have taken place over the last 15 years, almost to the point that O-glycosidically linked carbohydrate groups have been ignored.
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THE FUNCTIONAL SIGNIFICANCE OF SURFACE CARBOHYDRATES
For well over a hundred years it has been recognized that the plasma membrane of the cell acts as a permeability barrier. Armed with a presumed knowledge of the function of this organelle, investigators have then proceeded to elucidate the molecular structure and biosynthesis of biological membranes. However, in the case of the surface carbohydrates this sequence of events has been reversed. Since the early 1960s, when the need to consider carbohydrates as constituents of plasma membranes became apparent, an enormous body of information has been built up on the localization and biosynthesis of surface heterosaccharides, together with an increasing amount on the structure of these materials (see Kobata, 1984) . All of this information has been gained without our understanding why carbohydrates are ubiquitous components of the surfaces of animal cells. This is not to suggest that attempts have not been made to determine the function of surface sugars, but rather that the state of knowledge in this area is disproportionately less than in the structural and biosynthesis aspects of the subject, and that what evidence is available on function is often circumstantial. Indeed surface heterosaccharides are very much molecules 'in search of a function'.
Certainly glycosylation is an expensive enterprise from the cell's point of view, requiring a large amount of genetic information, the synthesis of several enzymes and cofactors, as well as intermediates. No doubt much of the motivation for the work on biosynthesis and structure has rested on the view that every structure in nature has a function or otherwise it would not have persisted throughout evolution, and that in due course the function would be elucidated: indeed important clues regarding function would be likely to come from a fuller understanding of structure and biosynthesis. The problem of the functional aspects of surface carbohydrates is likely to remain as the major challenge over the next 2 0 years to investigators committed to the study of surface carbohydrates. Before speculating on how this work will develop it seems appropriate to highlight what progress has been made to date on the relationship of carbohydrates to recognition.
For those people studying the role of-carbohydrates at the cell surface there is a working hypothesis that heterosaccharides serve as important recognition markers at the cell periphery and as such may be an essential component of the mechanisms by which cells recognize other cells and large ligands. When talking of recognition phenomena there is still a strong prejudice towards thinking only in terms of proteins, even though, the classical work of Kabat (1985) has shown that pure polysaccharides are able to elicit immunological recognition and it is well established that sugars are specific determinants of blood group activity. The classical blood group determinants illustrate well the dual molecular nature of carbohydrate receptors at the cell surface: these determinants may be present as glycoproteins or glycolipids or both, clearly demonstrating the importance of the carbohydrate in providing the recognition marker. The view that heterosaccharides at the cell periphery serve a recognition function is not just based upon their advantageous location at the cell surface, with their carbohydrate groups directed entirely at the external environment, but upon the enormous potential for structural diversity possible in these compounds, which makes them ideal candidates for carrying biological information. With polypeptides and oligonucleotides information content is confined to the number of different monomeric units present and the sequence in which these are arranged. In the carbohydrate groups of heterosaccharides not only is it possible for structural diversity to be generated on the basis of the number of different monosaccharides present and their sequence, but also by the anomeric configuration of the glycosidic linkage and the ability to form branched structures. As a consequence of these structural features oligosaccharides have the potential for carrying more information per weight than proteins and nucleic acids. This latter point may be illustrated by a simple example: with three different monosaccharides it is theoretically possible to construct 1056 different trisaccharides, though with three different amino acids only six tripeptides are possible. Clamp (cited by Sharon, 1974) has made some interesting calculations for a typical carbohydrate group: assuming a composition of three residues each of mannose, jV-acetylglucosamine and sialic acid all linked to a single Af-acetylglucosamine, Clamp has estimated a figure of 1024 possible binding arrangements. Even with the known restraints of sequence it is still possible to form 6 x 1 0 6 isomeric forms.
One of the earliest studies on the function of surface heterosaccharides was the work of Gesner & Ginsburg (1964) on the effect of glycosidases on the fate of transfused lymphocytes. They suggested that the integrity of the sugars on lympho cytes is necessary for the cells to traverse their unique route through the body, by acting as sites recognized by complementary structures on the surface of endo thelial cells in the post-capillary vessels of lymphoid tissue. This paper is not only interesting as an example of an early attempt to assign a physiological function to surface carbohydrate, but because the authors (Gesner & Ginsburg, 1964 ) draw attention to the general absence of glucose residues in surface heterosaccharides and argue that the efficiency of a recognition surface based on D-glucosyl residues would be impaired by free D-glucose, in the same way that haptens interfere with antigen-antibody interactions. Gesner & Ginsberg (1964) suggested that evolution ary selection against this impairment, however slight, would tend to eliminate D-glucose as a component of cell surfaces.
Over the last two decades a substantial body of information has been built up from studies on the mating of yeast, fertilization, non-immune phagocytosis and cell differentiation, all of which point to cell surface carbohydrates playing a role in intercellular adhesion. However, the evidence for the role of sugars in adhesive recognition in these systems is at the best circumstantial. A well-defined role for carbohydrate in recognition phenomena has, however, come from a different approach. The first definitive evidence of a role for carbohydrate in recognition phenomena came from studies by Morell et al. (1968) on the disappearance of asialoceruloplasmin from the circulatory system of the rabbit. Previously, Morell, Van Den Hamer, Scheinberg & Ashwell (1966) had prepared a radioactive form of ceruloplasmin, to probe the role of this glycoprotein in the regulation of copper metabolism. By removing terminal sialic acid residues from ceruloplasmin with neuraminidase and treating the exposed galactosyl residues with galactose oxidase it G. M. W. Cook was possible to introduce a tritium atom into the galactose residue, by reducing the resulting aldehyde with tritiated borohydride. As the half-life of ceruloplasmin in rabbits is several hours, Morrell et al. (1968) were surprised to find that the asialoproduct disappeared from the circulation in minutes. The unique role of the terminal galactosyl residues in this phenomenon was demonstrated by the removal of these residues by treatment with /3-galactosidase or their modification by galactose oxidase. It appears that the exposed galactosyl residues of a number of glycoproteins are recognized by the liver cells, which rapidly take up and catabolize asialglycoproteins. The hepatic receptor for galactose-terminated glycoproteins has been purified (Hudgin et al. 1974 ) and characterized (Kawasaki & Ashwell, 1976) . Since then a number of clearance systems in which carbohydrates other than galactose act as recognition determinants have been identified and a comprehensive review published by Neufeld & Ashwell (1980) * In this context mannose 6 -phosphate, the 'common recognition marker' of lysosomal enzymes, deserves particular mention as an important finding in this field. Although the mannose 6 -phosphate recognition marker on these enzymes owes its discovery to the fact that fibroblasts express an uptake (pinocytosis) receptor for this determinant on their cell surface, it is now known that the major function of this marker is to provide an intracellular transport system for the specific delivery of enzymes to lysosomes (see Sly, 1982) . Clearly, the case for considering the role of carbohydrate in biological recognition phenomena is well founded, though the extent to which such recognition is generally operative at the cell surface is still open to question and likely to be an outstanding problem for the next few years.
If carbohydrate is providing the cell periphery with recognition properties, then molecules capable of recognizing such structures should also be present at cell surfaces. Much attention has been given to this subject and one proposal made by Roseman (1970) , that ectoglycosyltransferases are involved, has generated consider able debate: proponents of the idea (Shur & Roth, 1975) and arguments against it (Keenan & Morre, 1975) have stimulated much experimentation. Briefly, Roseman (1970) proposed that glycosyltransferases present at the cell surface (ectoglycosyl transf erases) recognizing appropriate sugar residues on an apposing cell could, as a consequence of the formation of an enzyme-substrate complex, result in intercellular adhesion. Should the appropriate sugar donor become available then transglycosylation would take place, together with dissociation of the enzyme-substrate complex, providing a ready explanation of mutable cell-cell adhesions. The development of this idea and its degree of acceptability by the scientific community have perhaps been best summed up by Ivatt (1984) , who pointed out that the argument has shifted from, "Are they really on the outer surface of intact, healthy cells?" to "Are they really active when on the outside of cells?", and then finally to, "So they are out side and potentially active but is there any functional importance to them?". This change in attitude has depended on proponents of the hypothesis demonstrating that glycosylation is not the result of acceptor being internalized or of broken cells being a source of accessible enzyme. In addition, it has been necessary to control for radiolabelled sugar released by hydrolysis of sugar nucleotide and internalized. Certainly, with the known dynamic properties of membranes and the inter relationship between Golgi membranes and cell surfaces, the demonstration that ectoglycosyltransferases exist is not surprising, though the idea that they represent a general mechanism for the recognition of surface sugars is perhaps not one that would find wide acceptance, though it remains an option for specific cases.
As an alternative to considering ectoglycosyltransferases as candidates for the recognition of surface carbohydrates, attention has been turning to the non-immune and enzymically inactive carbohydrate-binding proteins, the lectins. The subject has been reviewed in detail by Barondes (1981) and an increasing number of lectins as sociated with cells is being described. Sharon (1984) has summarized evidence from various laboratories that carbohydrate-lectin interactions serve as the molecular basis for recognition in non-immune phagocytosis. No doubt studies on animal lectins will continue to receive increasing attention and in the next 2 0 years we should be in a position to ascertain whether lectin-carbohydrate interactions play a pivotal role in cellular interactions. In view of the diversity of structure possible in the carbohydrate moieties of surface glycoconjugates, the range of lectins detected is perhaps disproportionately low if, indeed, the recognition of surface carbohydrate is via a lectin-mediated mechanism. As inevitably the presence of lectins is determined by haemagglutination assay one may be artificially limiting the number detected by the cell used in these assays. In a re-evaluation of the function of the carbohydrate moieties of glycoproteins, Olden, Parent & White (1982) pointed out that an important lesson has been learned from the work on the mannose 6 -phosphate binding lectin and lysosomal enzyme localization: the identification of an efficient lectin-mediated uptake of glycoconjugates at the cell surface does not necessarily mean that the primary function of the lectin within the cell is at the cell periphery. These authors (Olden et al. 1982 ) have presented a model for carbohydrates having a more general localization function than just being restricted to lysosomal enzymes. Their model envisages the oligosaccharide moiety functioning as a 'sorting signal', which specifies where glycoproteins will travel in the cell; the mechanism of interpreting the sorting signal would depend upon an array of membrane-bound lectins with different sugar specificities. These lectins, available within the lumen of the internal membrane system, would then bind and concentrate glycoproteins with the appropriate carbohydrate moiety into discrete membrane areas, which bud off to form vesicles. In their model, Olden et al. (1982) do not envisage the 'language' that specifies the route that the vesicles will traverse as depending on carbohydrates or lectins but rather on cytoskeletal components. Certainly, a number of the lectins currently being implicated in cell-cell interaction phenomena are present in sizeable quantities within the cell and this is in accord with the suggestions of Olden et al. (1982) . The next 20 years should resolve whether animal lectins have a primary function either within the cell or at the cell surface as part of a recognition system, or whether they have a dual function.
PROSPECTS
Undoubtedly, the next two decades will continue to produce considerable methodological advances in the study of surface carbohydrates, for example high-resolution proton nuclear magnetic resonance is already being used to give important information on anomeric configuration and position of linkages in oligosaccharides. However, the central problem of the biological function of surface sugars will remain and must present the major challenge to those working in this area of cell biology. In an effort to try and predict how the field will develop it is probably instructive to look at those systems that are being studied at the moment from the standpoint of the biological functions of carbohydrates.
One approach to understanding carbohydrate function is to produce cell lines resistant to various lectins (see Stanley (1980) for a comprehensive review) and to see if such glycosylation-deficient mutants bearing alterations on surface oligosaccharide structures can be correlated with alterations in cellular properties. Hughes and his colleagues (see Edwards, Dysart & Hughes, 1976) have used this approach effec tively in the study of cellular adhesion, and no doubt such systems will continue to be particularly important in the study of cell-cell adhesions.
One of the early attempts to correlate carbohydrate structure with recognition phenomena in cellular interactions was the work of Gesner & Ginsburg (1964) on lymphocyte homing; they observed a transient sequestration of lymphocytes in the liver after neuraminidase treatment. In a recent review of new directions in research, Hooghe & Pink (1985) have come back to this phenomenon as having important ramifications for the development of ideas on the homing of normal and, indeed, neoplastic cells. Pointing out that the phenomena described by Gesner & Ginsburg (1964) may be explained by the removal of sialic acid from the lymphocyte surface generating terminal galactosyl residues, which probably interacted with the liver galactose receptor described by Morell, Ashwell and their colleagues (see Morell et al. 1968) , Hooghe & Pink (1985) suggest that hyper-sialylation as has been reported for some tumour cells (see the pioneering studies of Warren, Führer & Buck, 1972) will have the opposite effect and prevent their removal and destruction. Certainly, there is good evidence that the increased sialylation of surface glycoconju gates may confer resistance to NK-mediated lysis of tumour cells (Yogeeswaran et al. 1981; Young et al. 1981) , though whether this is as a consequence of electrostatic repulsion by sialic acid-bearing molecules close to the binding site or modification of the binding site itself is a matter requiring further investigation. These reviewers (Hooghe & Pink, 1985) point out that the elucidation of the molecular biology of lymphocyte homing has greatly benefited from the introduction of an in vitro test for measuring the interaction between lymphocytes and post capillary high endothelium venules, the site of lymphocyte exit from the blood stream. This test has been particularly useful for showing that not any lymphocyte binds to every high endothelium venule and that some lymphoma cells bind pref erentially to Peyer's patch high endothelium venules, whilst others adhere to the high endothelium venule from lymph nodes (Gallatin, Weissman & Butcher, 1983) . A glycoprotein has been isolated from rat lymph that blocks the interaction between lymphocytes and high endothelium venules (Chin et al. 1983 ); this material is much more abundant on those lymphocytes that bind to high endothelium vesicles than on thymocytes, which do not bind. A different high endothelial adhesion glycoprotein has been described on lymphocytes migrating to Peyer's patches (Chin, Rasmussen, Cakiroglu & Woodruff, 1984) . Citing this and other relevant studies, Hooghe & Pink (1985) are of the view that there is evidence supporting a role in homing and recirculation for membrane glycoproteins and, or, glycolipids, and that the study of the homing of normal or neoplastic cells, involving as it does the exit from one tissue, movement in extracellular spaces and arrest at another site, "is only beginning". How quickly this type of study will develop is difficult to ascertain for, as Smets & Van Beek (1984) point out, "today oncogenes clearly dominate the scene of fundamental cancer research" though they stress that, "it is evident that changes at the genetic level must become expressed in cellular sites and organelles crucial to the control of normal proliferation and cell behaviour", and in this respect the cell surface and surface carbohydrates are of particular interest. Stressing that, "the most urgent task now is to provide direct proof that a specific alteration in a single class of membrane glycoproteins is directly responsible for a characteristic biological response", Smets & Van Beek (1984) suggested that there is an urgent need for compounds that can modulate protein glycosylation to yield normal and neoplastic phenotypes with minimal side-effects. They suggest that molecular biology may make this attainable; the genes for putatively involved glycosytransferases could be cloned and transferred to normal cells whilst assumed regulator genes could be introduced into neoplastic cells to see if cancer-related glycosylation changes result from altered control on the editing of normal genetic information.
In many respects cancer cells resemble undifferentiated, rapidly growing cells. No doubt much of the interest in cancer cells and surface carbohydrates will continue to be centred on tumour-associated changes per se, though these molecules, with their potential for structural diversity may also be important as receptors of regulators of cell growth and differentiation. Glycopeptides released from cell surfaces by mild proteolysis inhibit protein synthesis (Fisher & Koch, 1976 , 1977 and inhibit mitogenic stimulation of human lymphocytes (Kalvelage & Koch, 1982) . More recently, membrane glycoproteins and a mannose-binding lectin isolated from the plasma membrane of GH3 cells have been immobilized on glass, tested as sub strates for cell culture and been shown to be involved in density-dependent growth regulation (Weiser & Brunner, 1983) . In a more recent paper Yaoi (1984) described growth-inhibiting glycopeptides in which the carbohydrate moiety is essential for inhibitory activity. Feizi & Childs (1985) raise the exciting possibility that the receptor for epidermal growth factor (EGF) contains carbohydrate chains that are receptors for other endogenous regulators that modulate the cellular response to the growth factor. In the scheme (see Fig. 3 ) that they put forward, to stimulate ideas, they suggest that an endogenous carbohydrate-binding protein (a lectin) might interact with carbohydrate on the EGF receptor and other components (glycoproteins/glycolipids) of the membrane to form a macromolecular complex through which the receptor glycoprotein may be linked to other extra-and Fig. 3 . Diagram of a cell membrane depicting the glycoprotein receptor for epidermal growth factor carrying an iV-glycosidically linked carbohydrate chain (the various mono saccharide residues are represented diagrammatically by circular and triangular symbols, the triangle and circle with cross-hatching depict fucose and TV-acetylgalactosamine, respectively, which constitute the blood group A determinant). The carbohydrate group contains sequences that may be shared by other glycoproteins and membrane glycolipids. In this scheme Feizi & Childs (1985) suggest that a hypothetical endogenous lectin with blood group A-related specificity could be responsible for linking the receptor to other extra-and intracellular signalling systems. This scheme, which was first published in Trends in Biochemical Sciences, was intended to stimulate thoughts on the way carbo hydrate structures shared between the receptor and other glycoproteins (and glycolipids) of the cell surface might interact and is reproduced here by kind permission of Dr T. Feizi and the publisher. intracellular' signalling systems. There is evidence from the immunochemical analysis of the EG F receptor, purified by EGF-affinity chromatography from the human epidermoid carcinoma cell line, A431, that blood-group-active carbohydrate chains are present (Childs et al. 1984) . Certain lectins inhibit EG F binding (Carpenter & Cohen, 1977) and anti-receptor antibodies known to bind carbohydrate structures may elicit stimulatory or inhibitory effects on growth (Schreiber et al. 1983; Gregoriov & Rees, 1984) . Carding, Thorpe, Thorpe & Feizi (1985) have shown that in transformed and mitogen-stimulated lymphocytes there is an increased level of proteins antigenically related to mammalian /3-galactoside-binding lectin, posing again the possibility that this family of lectin-related proteins may be somehow involved in the regulation of growth control. It will be interesting to see over the coming years whether this postulated role for surface carbohydrate and endogenous lectins in growth control is substantiated.
Undoubtedly, another area in which surface carbohydrates will attract increasing attention is in regard to embryonic development and differentiation. This aspect of the subject typifies another approach to understanding the function of glycan moieties in complex carbohydrates, namely the use of inhibitors of glycosylation.
Using tunicamycin with the developing sea-urchin embryo, Heifetz & Lennarz (1979) have shown that jV-glycosylation is required for gastrulation. Compactin, a potent inhibitor of polyisoprenoid synthesis, causes a substantial inhibition of the synthesis of iV-linked glycoproteins and prevents normal embryonic development beyond the mesenchyme blastula stage (Carson & Lennarz, 1979) . Subsequently, Carson & Lennarz (1981) have demonstrated that a qualitative increase in de novo synthesis of dolichol and dolichol phosphate occurs just prior to gastrulation.
The anticipation that monoclonal antibodies might be used to reveal unique cell surface antigens during embryogenesis, differentiation and oncogenesis has been replaced by the realization that such antigens as are detected by these antibodies are principally carbohydrate structures that occur in the glycoproteins and glycolipids of many cell types. Feizi (1985) has reviewed this area, pointing out that while monoclonal antibodies have not revealed a much-sought-after unique antigen marker of embryonic stage or neoplastic state, there are strong indications that these carbohydrate structures have a role as receptors for regulation of cell growth and differentiation. This reviewer (Feizi, 1985) makes the important point that while much progress is being made in the structural analysis of glycoconjugates by physicochemical techniques, these procedures are unlikely to supercede the sensi tivity of monoclonal antibodies for visualizing the in situ disposition of the diverse oligosaccharide sequences in individual cells.
Other workers (e.g. see Currie, Maylie-Pfenninger & Pfenninger, 1984) have used lectin-labelling techniques to show that surface carbohydrates are developmentally regulated and that differences in plasmalemmal glycoconjugates may be related to developmental control mechanisms. Manasek & Cohn (1977) had previously suggested that one might expect to find, "within each differentiating cell line, an ontogeny of surface glycopeptides that reflect its degree of functional specialization". Whilst even minor quantitative differences in the expression of carbohydrates may be important in recognition, Finne (1985) makes the point that a tissue-specific pattern of distribution or developmental regulation would be more indicative of a biological role and then proceeds to put forward polysialic acid as a novel carbohydrate structure that seems to fulfil these latter two criteria. One may confidently predict that interest in surface carbohydrates and differentiation will continue to expand. For as Ivatt (1984) states in a chapter devoted to glycoproteins in early mammalian embryogenesis, we are now entering an exciting phase that makes the transition from molecular description to function assignment. 
